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Although encystation (cyst formation) is important for the survival of Giardia lamblia outside its human
host, the molecular events that prompt encystation have not been fully elucidated. Here, we demonstrate that
sphingolipids (SLs), which are important for the growth and differentiation of many eukaryotes, play key roles
in giardial encystation. Transcriptional analyses showed that only three genes in the SL biosynthesis pathways
are expressed and transcribed differentially in nonencysting and encysting Giardia trophozoites. While the
putative homologues of giardial serine palmitoyltransferase (gSPT) subunit genes (gspt-1 and -2) are differ-
entially expressed in nonencysting and encysting trophozoites, the giardial ceramide glucosyltransferase 1 gene
(gglct-1) is transcribed only in encysting cells. L-Cycloserine, an inhibitor of gSPT, inhibited the endocytosis
and endoplasmic reticulum/perinuclear targeting of bodipy-ceramide in trophozoites, and this could be re-
versed by 3-ketosphinganine. On the other hand, p-threo-1-phenyl-2-palmitoylamino-3-morpholino-1-propanol
(PPMP), an inhibitor of glucosylceramide synthesis, blocked karyokinesis and reduced cyst production in
culture. PPMP also altered the expression of cyst wall protein transcripts in encysting cells. Phylogenetic
analyses revealed that the gspr genes are paralogs derived from an ancestral spt sequence that underwent gene
duplication early in eukaryotic history. This ancestral sequence, in turn, was probably derived from prokary-
otic aminoacyl transferases. In contrast, ggict-1 is found in both prokaryotes and eukaryotes without any
evidence of gene duplication. These studies indicate that SL synthesis genes are involved in key events in

giardial biology and could serve as potential targets for developing new therapies against giardiasis.

Giardiasis, a clinical syndrome caused by the intestinal pro-
tozoan Giardia lamblia, is a reemerging waterborne infectious
illness worldwide. Giardia exists in two morphological forms:
(i) actively dividing trophozoites and (ii) relatively inactive
cysts. The water-resistant dormant cysts are responsible for
transmission of giardiasis via contaminated water and undergo
excystation, a stage of the giardial life cycle in which a cyst
differentiates into two trophozoites in the stomach. Newly
emerged trophozoites then move down the small intestine and
colonize below the bile duct (2). Components of the intestinal
milieu, including dietary lipids, bile salts, intestinal pH (pH ~7.8),
and lactic acid, among others, trigger the process of encysta-
tion to complete the life cycle of Giardia in the small intestine
(10, 16). During encystation, various molecular and cellular
changes take place that allow this protozoan to transport cyst
wall proteins (CWPs) through regulatory secretory pathways
(35). In encysting cells, three encystation-specific CWPs
(CWP-1, -2, and -3 encoded by cwp-1, -2, and -3, respectively)
are synthesized and concentrated within encystation-specific
vesicles (ESVs) before targeting into the cyst wall (17, 36, 44).
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Recent studies suggest that all three CWPs are essential for
forming ESVs and that CWP-2 functions as an aggregation
factor to regulate ESV formation by interacting with CWP-1
and CWP-3 via conserved regions (17). It has been proposed
that transient Golgi body-like membranes synthesized during
encystation are involved in modifying the CWPs and other
membrane proteins (27-29).

As an obligate parasite, Giardia has lost lipid synthesis ma-
chinery and therefore has evolved a well-regulated lipid trans-
port mechanism allowing it to acquire the majority of its mem-
brane lipids from the small intestine environment (8, 23).
Many of these lipids also play regulatory roles in inducing
encystation (14). We have reported previously that Giardia
also has the ability to carry out deacylation-reacylation and
headgroup exchange reactions to generate new parasite-spe-
cific phospholipids, bypassing the synthesis of entirely new
phospholipid molecules via de novo pathways (7, 43). More
recently, we demonstrated that ceramide, which is not synthe-
sized by Giardia de novo, is taken up by clathrin-mediated
pathways and targeted intracellularly via the microtubule net-
work (21), which suggests that ceramide and other sphingolip-
ids (SLs) may play an important role in the giardial life cycle.

In the current study, we showed that for all known SL
metabolic pathways only three synthesis-related genes and
two metabolic genes are present in Giardia and expressed
differentially in nonencysting and encysting parasites. We
also showed that the inhibitors of SL synthesis affect endo-
cytic functions and the production of cysts in vitro, which
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indicates the importance of SLs in giardial growth and dif-
ferentiation.

MATERIALS AND METHODS

Materials. Unless otherwise specified, all chemicals were purchased from
Sigma Chemical Co. (St. Louis, MO) and were the highest purity available.
Tetramethylrhodamine (TMR)-conjugated goat anti-mouse antibodies and
bodipy-ceramide [N-(4,4-difluoro-5,7-dymethyl-4-bora-3a,4a-diaza-s-indacene-3-
pentanoyl)-sphingosine, bodipy FLCs-ceramide] were purchased from Invitro-
gen (Carlsbad, CA). Mouse anti-glucosylceramide (anti-GlcCer) antibody raised
against fungal cerebrosides as described previously (34) was provided by
Eliana Barreto-Bergter (Universidade Federal do Rio de Janeiro, Rio de
Janeiro, Brazil). GlcCer and other lipid standards were purchased from Matreya,
Inc. (Pleasant Gap, PA).

Trophozoites, encysting cells, and in vitro cysts. G. lamblia trophozoites
(strain WB [= ATCC 30957]) were cultivated using the method of Diamond et
al. (9) and TYI-S-33 medium supplemented with 10% adult bovine serum and
1% adult bovine bile (25). The antibiotic piperacillin (50 pg/ml) was added
during routine culture of the parasite (15). Parasites were detached by ice chilling
and were harvested by centrifugation at 1,500 X g for 10 min at 4°C, which was
followed by washing and microscopic determination of the cell density using a
hemocytometer. In vitro encystation was carried out by the method of Gillin et
al. (15) by culturing trophozoites in TYI-S-33 medium (pH 7.8) supplemented
with bovine serum (10%, vol/vol), lactic acid (5 mM), and porcine bile (250
mg/ml) for various times, as described below. In vitro-derived, water-resistant
cysts were generated by cultivating trophozoites in TYI-S-33 medium (pH 7.8)
supplemented with 10% bovine serum and bovine bile (high-bile medium) using
the protocol of Kane et al. (24). Encystation was carried out for 24 h, and cells
were isolated by centrifugation (1,500 X g for 5 min at 4°C), washed three times
in cold distilled water, and kept in water for 3 days in a refrigerator (4 to 8°C).
Water-resistant cysts were isolated by centrifugation and then counted and used
for the microscopic experiments described below.

Identification of putative SL synthesis and metabolic genes. Predicted open
reading frames were obtained from the Giardia genome database (30; www
.giardiaDB.org) and compared, using BLASTP (3), with Genprot and Swiss-Prot
databases. A set of potential SL-metabolizing genes were identified, including
the genes encoding giardial ceramide glucosyltransferase 1 (gGIcT-1) (gglct-1,
ORF 11642), giardial serine palmitoyl transferase 1 (gSPT-1) (gspt-1, ORF
123015), giardial serine palmitoyl transferase 2 (gSPT-2) (gspt-2, ORF 14374),
giardial acid sphingomyelinase B (gSmase B) (gsmase B, ORF 16737), and
giardial acid sphingomyelinase 3b (gSmase 3b) (gsmase 3b, ORF 8360). The
sequences of the encoded proteins (gSPT-1 and -2 encoded by gspt-1 and -2,
respectively; gGIcT-1 encoded by gglct-1; and gSmases B and 3b encoded by
gsmase B and 3b, respectively) were subjected to protein family (pfam) database
analyses to predict functional homology to other families (4; http://pfam.wustl
.edu). In order to predict the subcellular localization of gSPT-1, gSPT-2,
gGIcT-1, gSmase B, and gSmase 3b, predicted sequences (proteins) were ana-
lyzed by using the ExPaSY/PSORT software as described previously (13, 31, 32).

Determination of mRNA levels of giardial SL metabolic genes by quantitative
reverse transcription-PCR (qRT-PCR). To determine whether gspt-1, gspt-2,
gglet-1, gsmase B, and gsmase 3b are expressed in nonencysting and encysting
trophozoites, cells were cultivated in growth medium and subjected to preencys-
tation and then encystation for 6, 12, and 90 h using the two-step method
described by Gillin et al. (15). RNA from trophozoites, preencysting cells, and 6-,
12-, and 90-h encysting cells were extracted and purified using TRIzol reagent
from Invitrogen, Inc. (Carlsbad, CA). One to two microliters of total RNA was
reverse transcribed using the standard protocol of a Reaction Ready first strand
cDNA synthesis kit from Super Array Bioscience Corporation (Frederick, MD).
Primers for PCR were designed using Primer 3 software (primer3_www.cgi v 0.2)
(39) and were synthesized by Sigma Genosys (St. Louis, MO). The sequences of
the primer pairs are as follows: for gspt-1, 5'-GAAACCAACCACGTGAGGA
T-3" and 3'-CATAGCCCATGTCACACCAG-5'; for gspt-1, 5'-CATGACAGC
AGTGGCAAGTT-3' and 3'-TCCATCGTCTTCCCTCAAAC-5'; for gglct-1,5'-
GCTGTCAACCGCATAAGTGA-3" and 3'-TTGAGCTGTGAGTTCCATCG-
5'; for gsmase B, 5'-TGAAAGCCTTGTTGATGCAG-3' and 3'-TAGCTCGCT
GGGTCATCTCT-5'; for gsmase 3b, 5'-TGTGGAGCAGTTGACAAAGC-3’
and 3'-ATTTAATCGCCTGGTCATGG-5'; for ewp-1, 5'-CCAATTGACGAA
CCTCCAGT-3' and 3'-CATAAGGTAGGGGAGCGTCA-5'; for cwp-2, 5'-TC
ATCCTGTTTGCTGCTTTG-3' and 5'-CATGCACCCCAGTTTCTTCT-3';
and for ewp-3, 5'-TTCGCTCATAGGGGATGTTC-3' and 3'-GCGAGATCCA
AGTGGCTAAA-5'.

c¢DNA samples were diluted 1:10, and 1 wl of each cDNA sample was used as
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a template in PCRs. The PCR products were run on a 2% agarose gel. For
quantitative real-time PCR, cDNA samples were diluted 1:20, and 2 ul of each
sample was used in a 20-ul PCR mixture with 10 pl of 2X SYBR green PCR
master mixture (Superarray Biosciences, Frederick, MD). qRT-PCR was per-
formed using an MYiQ version 1.0 thermal cycler (Bio-Rad, Hercules, CA). The
relative standard curve method was used to quantify transcript levels.

Treatment of parasites with L-cycloserine. Giardia trophozoites were grown
and harvested as described above. Approximately 1 X 107 cells were inoculated
into 5-ml tubes. The cells were allowed to attach for 30 min at 37°C, and various
concentrations (0, 150, 200, 500, 750, and 1,000 M) of L-cycloserine were added
to the culture tubes. The cells were incubated overnight at 37°C, and attached
cells were counted using a hemocytometer and phase-contrast microscopy as
described previously (21). To determine whether L-cycloserine interrupts cer-
amide uptake and targeting to nuclear/perinuclear membranes, trophozoites
were treated with L-cycloserine (150 pM, ~107 cells) for 30 min before labeling
with bodipy-ceramide (100 nM) for 10 and 15 min, also as described previously
(21). In some experiments, 50 uM 3-ketosphinganine (3-KS) (49) was added to
reverse the effect of L-cycloserine, as described below (see Fig. 3). Cells were
fixed using 4% paraformaldehyde (ethanol free) in phosphate-buffered saline
(PBS) for 20 min, and trophozoites were then subjected to 4’,6'-diamidino-2-
phenylindole (DAPI) (1 ng/ml) staining for 5 min. Slides were washed and
mounted using DAKO mounting medium (DAKO Corporation, Carpentaria,
CA) and were observed using an LSM Pascal 5 Zeiss confocal microscope.

Effects of PPMP and PDMP on cyst production. Approximately 1 X 107 tro-
phozoites were inoculated into 5-ml tubes and incubated overnight at 37°C. The
medium was decanted and then replaced with new medium (TYI-S-33 medium
[pH 7.8] supplemented with 10% bovine serum and bile [high-bile medium]), as
described by Kane et al. (24). The encystation medium was supplemented with
D-threo-1-phenyl-2-decanoylamino-3-morpholinopropanol (PDMP) and p-threo-
1-phenyl-2-palmitoylamino-3-morpholino-1-propanol (PPMP) at various con-
centrations (0, 30, 60, 90, and 120 wM) and incubated at 37°C for 24 h. The cysts
were obtained by centrifugation at 1,500 X g for 5 min, resuspended in distilled
water, and kept at 4°C for 72 h; this was followed by counting using a hemocy-
tometer. For microscopic analyses, water-resistant cells were collected by cen-
trifugation, fixed in 4% paraformaldehyde (ethanol free), and stained with DAPI
(1 pg/ml) for observation with an LSM Pascal 5 Zeiss confocal microscope.

Effects of PPMP and PDMP on expression of the gglct-1 and CWP (cwp) genes.
Approximately 1 X 107 cells were first cultured in preencystation medium for
48 h before encystation was initiated, as described by Gillin et al. (15). PPMP or
PDMP (final concentration, 10 nM) was added during encystation, and each
preparation was incubated for 12 h at 37°C. The cells were harvested, and RNA
was extracted using TRIzol reagent; this was followed by qRT-PCR as described
above.

Labeling with anti-GlcCer antibody. Nonencysting, encysting, and water-re-
sistant cysts (~1 X 107 cells) were suspended in PBS and incubated for 15 min
at 37°C in chamber slides. Cells were then fixed with 4% paraformaldehyde
(ethanol free) in PBS and blocked in 5% normal goat serum for 1 h. Slides were
washed three times and incubated overnight with 10 pg/ml anti-GlcCer antibody
diluted in 1% normal goat serum, which was followed by exposure to a rabbit
anti-mouse antibody (1:500) conjugated with TMR for 1 h at room temperature
(34). To confirm the specificity of serological reactions, primary antibodies were
preabsorbed with 30 pg GlcCer or glucose (GlcCer-to-antibody or glucose-to-
antibody ratio, 3:1) before they were incubated with Giardia as described above.
Cells were subjected to DAPI (1 pg/ml) staining for 5 min, and then the slides
were washed, mounted using DAKO mounting medium (DAKO Corp., Carpen-
taria, CA), and observed with an LSM Pascal 5 Zeiss confocal microscope.

Phylogenetic analysis of SPT genes. For the phylogenetic analysis, the protein
sequences of serine palmitoyl transferases (SPT) (encoded by spt genes) from
Giardia were used as query sequences for BLAST searches in the NCBI GenBank
database. The search was based on a BLOSUM®62 amino acid substitution scor-
ing matrix, and all available taxa in the GenBank database, both eukaryotic and
prokaryotic, were searched for significant matches. As a heuristic cutoff rule,
sequences with local alignment E values of 0.001 or less were used for the
subsequent multiple-sequence alignment and phylogeny reconstruction.

Progressive, multiple-sequence alignment was performed using Clustal X, in
which the scoring was also based on a BLOSUM62 matrix. The aligned se-
quences were analyzed with the PHYLIP package (11) using the PROML rou-
tine for maximum likelihood analysis of amino acid sequences (12). The maxi-
mum likelihood calculation assumed that the Jones-Taylor-Thornton model of
equal substitution rates for all amino acids is a computationally convenient
approximation, given the lack of any data for substitution rates in the sequences.
Subsequent analysis of the robustness of the resulting likelihood-based trees was
carried out with bootstrap analysis (100 samplings for the sequence data), using
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TABLE 1. Predicted open reading frames and pfam matches of giardial SL metabolic genes”

r(;ladc;idr:glfffrig ac?eesziin];o. Match with pfam (motif location) SpeCl;fa\:’Cl;h(Ee‘S;lEIe“)A STp pfam family match
SPT-1 XP_779228 0.00012 (amino acids 137 to 523) Danio rerio Aminotransferase classes I and II
SPT-2 XP_767472 6e 3¢ (amino acids 154 to 503) Aspergillus terreus (6e~7°) Aminotransferase classes I and I1
GIcT-1 XP_767155 5.2¢”% (amino acids 148 to 256) Arabidopsis thaliana (9¢ ") Glycosyltransferase family 2
Smase B XP_768146.1 2.4e~% (amino acids 18 to 273) Xenopus tropicalis (1e~ ) Calcineurinlike phosphoesterase
Smase 3b XP_770759.1 No match Danio rerio (6e ') No match

“ Five putative genes encoding SL metabolic enzymes were identified in Giardia using the NCBI and pfam databases.

the bootseq and consense modules (for building consensus trees from the boot-
strapped data) in PHYLIP. Finally, the phylogenies were edited and displayed
using MrEnt (51).

Nucleotide sequence accession numbers. The GenBank (http://www.ncbi.nlm
.nih.gov) accession numbers (annotation date, May 2007) for the gene sequences
described above are as follows: gspt-1, XP_779228; gspt-2, XP_767432; gglct-1,
XP_767155; gsmase b, XP_768146.1; and gsmase 3b, XP_770759.1.

RESULTS

Genomic and molecular analyses reveal stage-specific ex-
pression of SL metabolic genes. For identification and charac-
terization of SL metabolic genes from G. lamblia, NCBI
BLAST search and protein family (pfam) database analyses
were performed. Five putative genes in the Giardia genome
database (30; www.giardiaDB.org) were identified, including
gspt-1 and gspt-2 (encoding the gSPT-1 and gSPT-2 subunits,
respectively), gglcT-1 (encoding gGlIcT-1), and the gsmase B
and 3b genes (encoding gSmases B and 3b, respectively) (Table
1). The pfam analysis revealed that the gspr-1 and gspt-2 prod-
ucts belong to the aminoacyl transferase class I and II families,
the gglct-1 product belongs to the eukaryotic glycosyl trans-
ferase 2 family, and the gsmase gene products resemble the
calcineurinlike phosphoesterase family of enzymes.

Figure 1 shows the SL metabolic pathways and genes that
are present in Giardia. Two subunits of the gSPT enzyme
(encoded by the gspt-1 and gspt-2 genes) catalyze a condensa-
tion reaction between serine and palmitoyl coenzyme CoA to
synthesize 3-KS. gGIcT-1 (encoded by the glct-1 gene) transfers
glucose from UDP-glucose to a ceramide acceptor molecule,
and finally two acid sphingomyelinaselike phosphodiesterase
(gSmase) enzymes (encoded by gsmase B and gsmase 3b) hy-
drolyze sphingomyelin to ceramide. To determine the pre-
dicted subcellular localization of SL metabolic enzymes, DNA
sequences of gspt-1, gspt-2, gglct-1, gsmase B, and gsmase 3b
were translated into proteins using the ExPaSY software (13),
and the protein sequences were analyzed to determine the
predicted subcellular localization using the same software. The
subcellular localization prediction analysis suggested that
gSPT-1 and -2 are transmembrane proteins in the endoplasmic
reticulum (ER). gGIcT-1 is located in the luminal membrane
of the ER, and gSmase B is predicted to be located in the
parasite’s cytoplasm, whereas gSmase 3b might be a secreted
enzyme (not shown).

To evaluate the differential expression of SL genes, qRT-PCR
were performed to measure the mRNA levels in encysting and
nonencysting trophozoites. As shown in Fig. 2A and B, the gspt-1
and gspt-2 genes are transcribed mostly in trophozoites and then
upregulated in encysting cells (12 h). Interestingly, after pro-
longed periods of cyst induction (90 h), the mRNA levels of gspt-2

are down-regulated, but the level of gspr-I remains high. This
result suggests that the two subunit genes are differentially ex-
pressed and encode enzymes that are required to perform specific
functions in the nonencysting and encysting stages of the giardial
life cycle. On the other hand, gglct-1 transcripts are generated in
early (12-h) encysting cells (Fig. 2C), when visible ESVs for trans-
porting cyst wall antigens are synthesized and targeted to plasma
membranes (16). Both gsmase B and gsmase 3b are expressed in
6- and 12-h encysting cells (Fig. 2D and 2E), which may suggest
that during encystation gsmase B and gsmase 3b encode gSmases
to scavenge ceramide from dietary components present in the
small intestine.

L-Cycloserine blocks ER/perinuclear targeting of bodipy-
ceramide in trophozoites and 3-KS restores ceramide endocy-
tosis. As mentioned above, SPT catalyzes the synthesis of
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Serine Palmitoyl Transferases l

3-Ketosphinganine
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Dihydroceramide
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Dihydroceramide
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FIG. 1. Identification of putative SL metabolic genes in Giardia. A
search of the Giardia genome database (30; www.giardiaDB.org) re-
vealed the presence of only five putative genes for SL metabolism,
which encode gSPT, gGlct-1 (GIcT-1 is also known as glucosylceram-
ide synthase), and acid sphingomyelinases. It is not known if Giardia
has the ability to carry out the reactions indicated by a multiplication
sign because the BLASTP search did not reveal any significant matches
of these genes with genes of other organisms. CoA, coenzyme A;
GSLs, glycosphingolipids; SM, sphingomyelin.
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FIG. 2. Differential expression of SL metabolic genes in nonencysting, preencysting, and encysting trophozoites: expression of gSPT-1 (gspt-1),
gSPT-2 (gspt-2), gGlct-1 (gglct-1), gSmase B (gsmase B), and gSmase 3b (gsmase 3b) transcripts in preencysting and encysting trophozoites of G.
lamblia relative to the expression in nonencysting (vegetative) trophozoites. The data are the means and standard deviations of three separate
experiments, and each experiment was carried out in triplicate. The qRT-PCR analysis of SL genes was carried out as described in Materials and
Methods. An asterisk indicates that there were significant differences compared with vegetative trophozoites (P < 0.05).

3-KS, which is the first step in SL biosynthesis (19, 20). The
reaction catalyzed by SPT can be inhibited by various serine
analogues, including sphingofungin B, myriocin, and L-cy-
closerine (22). Previously, we showed that Giardia has actin-
regulated endocytic pathways to import ceramide molecules
from outside sources (21). Since mammalian and yeast spt
mutants are defective in endocytosis and require sphingoid
bases to overcome the defect (19, 47), we considered the pos-
sibility that the expression of gspt genes (Fig. 2A and 2B),
especially in trophozoites, is important for regulating endocy-

tosis through giardial actin filaments. The analysis of parasite
growth demonstrated that L-cycloserine inhibits the adherence
of Giardia trophozoites in a dose-dependent manner (Fig. 3B),
with a 50% reduction in adherence at 200 pM (50% inhibitory
concentration [ICs,], 200 wM). In contrast, myriocin, a potent
inhibitor of SPT in higher eukaryotes, was not at all effective in
inhibiting the growth of trophozoites (not shown).

To confirm that ceramide internalization occurs through
SPT (presumably encoded by gspt genes) and its reaction prod-
uct 3-KS, trophozoites were treated with 50 uM 3-KS for 5



VoL. 76, 2008

A ——10minutes——
DAPI

Bodipy-ceramide

Control

+ L-cycloserine
+ 3-ketosphinganine

SL GENES AND G. LAMBLIA 2943

—15 minutes——

DAPI

Bodipy-ceramide

B L-Cycloserine

100+

80+

60~
40-

204

% of adherent cells

0

o &

&
& ~

00

) )
KA

FIG. 3. 3-KS restores the endocytosis and ER/perinuclear targeting of bodipy-ceramide in nonencysting trophozoites. Attached trophozoites
were treated with L-cycloserine (150 uM, ~107 cells) and incubated for 30 min at 37°C. For rescue experiments, 3-KS was added and incubated
with trophozoites for 5 min prior to L-cycloserine treatment. Trophozoites were labeled with bodipy-ceramide as described in Materials and
Methods. (A) Confocal images showing ER/perinuclear labeling of bodipy-ceramide for 10 and 15 min in the presence and absence of L-cyloserine
(150 wM, ~107 cells) and r-cycloserine plus 3-KS (50 uM, ~107 trophozoites), respectively. Bars = 5 pm. (B) Dose-response effects of
L-cycloserine on adherence of Giardia trophozoites. The data are the means and standard deviations of three separate experiments, and each

experiment was carried out in triplicate.

min, followed by addition of L-cyloserine (150 uM) to the
culture medium (Fig. 3A). The 3-KS restored ceramide endo-
cytosis and the ER/perinuclear targeting affected by L-cy-
closerine (Fig. 3A, panels ¢ and ¢').

Inhibitors of GlcCer synthesis interfere with cyst formation.
As shown in Fig. 2C, the conditions that induce encystation
(pH 7.8, lactic acid, and porcine bile) also upregulate gglct-/
transcription, suggesting that increased GlcCer synthesis (fa-
cilitated by the gGIcT-1 enzyme) could be linked to encysta-
tion. To test this possibility, we evaluated the effects of PDMP
and PPMP on encystation and cyst production. PPMP and
PDMP, two well-known inhibitors of GIcT-1, differ only in the
length of their fatty acyl chains. These structural analogues of
ceramide compete with natural ceramide and inhibit GlcCer
synthesis (26).

Giardia trophozoites were subjected to in vitro encystation
in a medium containing a high level of bile, as described pre-

viously by Kane et al. (24), in the presence and absence of
PPMP or PDMP for 24 h before collection of the water-resis-
tant cysts. Both PDMP and PPMP inhibited cyst formation by
Giardia trophozoites (Fig. 4A). The ICs, of the inhibitors were
~60 wM. However, the inhibitors were active only when they
were added within the first 2 h of encystation (not shown).
Next, we asked if the reduction in cyst formation was specific
for PDMP or PPMP, so encystation was also carried out in the
presence of myriocin and L-cycloserine (SPT inhibitors). We
found that these two inhibitors were not effective in reducing
cyst formation (not shown). Figure 4B (panels a to €) shows the
effect of PPMP (at various concentrations) on cyst morphol-
ogy. At 30 puM PPMP, cysts were rectangular with two nuclei.
At 60 and 90 puM PPMP, they were much smaller, with an
indication of the presence of flagella, and at 120 uM PPMP,
they resembled round trophozoites with apparent flagellar
structure. It is also worth noting that all of the PPMP-treated
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FIG. 4. Inhibitors of GlcCer synthesis inhibit in vitro cyst production. Trophozoites were grown until the late log phase and subjected to
encystation by culturing them in high-bile medium (24) for 24 h in the presence or absence of PDMP and PPMP, as described in Materials and
Methods. (A) Dose-dependent inhibition of water-resistant cyst generation by inhibitors. The data are the means and standard deviations of four
separate experiments, and each experiment was carried out in triplicate. (B) Alteration of the morphological shape of water-resistant cells by
PPMP. DAPI staining shows that the cryptic cystlike structures contain two nuclei instead of the four nuclei present in the control. Bars = 5 pum.

DIC, differential interference contrast microscopy.

cysts were binucleate (Fig. 4B, panels f to j). In a separate
experiment, we found that PDMP and PPMP were more ef-
fective (ICsy, ~15 pM) in reducing cyst production (not
shown) when encystation was carried out using a two-step
method (15). However, in the current study cysts were gener-
ated by the high-bile method because it required less time (12
to 18 h versus 3 to 4 days) and yielded a large quantity of
water-resistant cysts.

Intracellular localization of GlcCer. To test whether the
morphological transition from nonencysting trophozoites to
encysting trophozoites influences the cellular distribution of
GlcCer, we used a monoclonal antibody raised against this
lipid as a probe (34). As shown in Fig. 5, the antibody recog-
nized different cellular sites in nonencysting and encysting tro-
phozoites, as well as in cysts. In nonencysting trophozoites,
GlcCer was localized in the plasma membranes (Fig. SA, pan-
els a and c), while in 6-h encysting cells GlcCer appeared to be
localized in vesiclelike structures scattered throughout the cy-
toplasm (Fig. 5A, panels d and f). In late periods (12 h), there
was characteristic cytoplasmic labeling (panels g and i) sur-
rounding the ER/perinuclear regions, but in cysts GlcCer was
localized mostly in the cell body. Since no labeling of the cyst
wall was observed with anti-GlcCer antibody (Fig. 5B, panels a
and c), it is reasonable to postulate that GlcCer is not present
in cyst walls.

PPMP and PDMP affect the expression of cwp genes. The
hallmark of encystation in Giardia is the synthesis of ESVs that
transport CWPs to the cell surface (16). During encystation,

three encystation-specific CWPs (CWP-1, -2, and -3) are ex-
pressed and concentrated within ESVs before they are tar-
geted to the cyst wall (17, 36, 44). Because the expression of
the gglct-1 gene is upregulated (Fig. 2C) in encysting cells and,
most importantly, because the inhibitors of GlcCer synthesis
reduce the production of cysts (Fig. 4), we asked whether these
two inhibitors also influence the transcription of CWP genes
(cwp genes). Figure 6 shows that PDMP and PPMP upregu-
lated the expression of the gglct-1 and cwp genes in 12-h en-
cysting cells and that the stimulation by PPMP was greater
than the stimulation by PDMP. These results suggest that
GIcT-1 inhibitors influence the expression of not only gglct-1
but also the cwp genes. It is possible that the transcription of all
of these genes is interlinked and regulated during encystation.

gSPT is derived from bacterial aminoacyl transferase. Since
Giardia is phylogenetically basal (6, 33, 40, 41) and its growth
is not affected by myriocin, a potent inhibitor of mammalian
SPT (see above), we asked if homologs of the gspt genes are
truly ancestral in the Eukaryota. Therefore, giardial protein
sequences were used as the queries for BLAST searches in the
NCBI GenBank database. Representative sequences were
then analyzed to determine phylogenetic relationships using
maximum likelihood methods. The initial BLAST output was
used to determine the phylogenetic distribution of the spt-1
and spt-2 genes and their homologues. Both of these genes are
present in virtually every eukaryote assayed, including meta-
monad taxa such as Giardia and Trichomonas, “excavate” taxa
such as Trypanosoma and Leishmania, “alveolate” and “het-
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FIG. 5. Stage-specific localization of GlcCer in Giardia. Nonencysting, encysting, and water-resistant cysts were labeled with monoclonal
antibody against GlcCer, which was followed by reaction with TMR-conjugated rabbit anti-mouse antibody, as described in Materials and Methods.
(A) Panels a and ¢ show that in nonencysting trophozoites, GlcCer localizes to the plasma membranes. In 6- and 12-h encysting cells, the majority
of the antibody labeling is localized in vesiclelike structures (panels d and f) and in the area surrounding the nuclei (panels g and i). (B) In
water-resistant cysts (panels a to c), anti-GlcCer labeling is prominent in the cell body. Antigen-antibody reactions were considered to be specific
because no labeling was observed with anti-GlcCer antibody pretreated with 30 pg/ml GlcCer (GlcCer-to-antibody ratio, 3:1). In contrast, glucose
had no effect on antibody binding (not shown). “Merge” represents the colocalization of TMR, DAPI, and differential interference contrast
microscopy images. aGlcCer, anti-GlcCer antibody. Bars = 5 pm (A) and 10 wm (B).

erokont” taxa such as Paramecium and Plasmodium, the
“amoebozoan” Dictyostelium, and the “higher” multicellular
eukaryotes, such as plants, fungi, and metazoans (40). The one
notable exception is the absence of spt-1 in Entamoeba (see
Discussion). In contrast, the gspt genes were found to be com-
pletely absent in prokaryotes. However, a number of bacterial
enzymes (specifically aminoacyl transferases) were found to be
homologous to the spt-1 and -2 products. Examples of enzymes
that gave highly significant E values with an SPT query (E <
0.001) include 5-aminolevulinic acid synthase (also present in
certain eukaryotes), 2-amino-3-ketobutyrate coenzyme syn-
thase (found in eubacteria), and 8-amino-7-oxononanoate syn-
thase (found in both archaea and eubacteria). The other ho-
mologous enzyme, S-aminolevulinate synthase, has a more
restrictive phylogenetic distribution and is found in Rhizobiales
and in some eukaryotes. Figure 7 shows the phylogeny of
some representative eukaryotic spt gene products and bac-
terial aminoacyl transferases, which was obtained using

maximum likelihood, including bootstrap values at each
node for 100 replicates. We noted that the phylogeny de-
rived using maximum parsimony (not shown) is largely con-
sistent with the likelihood tree, except for the position of
eukaryotic taxa within the spt paralog subclades. In all of the
observed unrooted trees, §-amino-7-oxononanoate synthase
was found to be an outgroup with respect to the other
enzymes, and therefore it was used to root the tree. Figure
7 shows that (i) the spt-1 and spt-2 lineages are monophyletic
lineages with 99 and 85% support, respectively (i.e., all
eukaryotic SPT-1 sequences form a subclade with other
SPT-1 sequences, and the same is true for SPT-2 se-
quences), and (ii) although the SPT-1 and SPT-2 sequences
are distinct, they are indeed paralogous sequences, together
forming a monophyletic subclade (with 99% support) of
SPTs with the various aminoacyl transferases as outgroups.
Database searches and phylogenetic analysis also suggested
that glet-1 is quite ancient, since it is present both in eu-
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FIG. 6. PPMP and PDMP alter gglct-1 and CWP (cwp) transcripts. Giardia trophozoites (~1 X 107 cells) were cultured and subjected to
preencystation for 48 h and then encystation for 12 h using the protocol of Gillin et al. (15) in the presence and absence of inhibitors (10 pM).
RNA was isolated, reverse transcribed, and subjected to qRT-PCR analyses as described in Materials and Methods. The data are the means and
standard deviations of three individual experiments, and each experiment was carried out in triplicate. An asterisk indicates that there were

significant differences compared with vegetative trophozoites (P < 0.05).

karyotes and in a number of bacteria. Thus, the data mirror
what is known about the evolutionary relationships of eu-
karyotic organisms.

DISCUSSION

In this paper, we report that SL metabolic genes are involved
in regulating encystation and cyst formation by Giardia. Over
the past several years SLs have been recognized as major
signaling molecules and inducers of apoptosis in mammalian
cells. It has been proposed that SL-containing membrane mi-
crodomains function as clusters to receive and transduce ex-

tracellular signals downstream of the plasma membranes (18).
Glycosphingolipids, on the other hand, have been shown to
play critical roles in the development and differentiation of
some embryonic tissues, as evidenced by the targeted disrup-
tion of the GlcCer gene, which blocks the normal differentia-
tion through apoptosis (48). In Leishmania, SLs (inositol-phos-
phorylceramides) are essential for differentiation, infectivity,
and vesicular trafficking but not for viability (50). Unlike the
viability of Leishmania, however, the viability of Trypanosoma
brucei has been shown to be dependent upon SL synthesis (45).

The transcriptional analyses of SL genes indicate that these
genes are differentially expressed in the nonencysting and en-
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FIG. 7. Phylogenetic analyses of gSPTs. The tree is a majority rule
consensus tree constructed from 100 bootstrap replicates of maximum
likelihood phylogenies for gspt-1 and gspt-2 sequences, along with ho-
mologous aminoacyl transferase sequences. The individual trees were
constructed on the assumption of a Jones-Taylor symmetric amino acid
substitution model. The taxon and sequence abbreviations are as fol-
lows: Giardial and Giardia2, gSPT-1 and gSPT-2, respectively;
Entam2, SPT-2 from Entamoeba histolytica (lacking SPT-1); Trypanol
and Trypan2, Trypanosoma cruzi; Homol and Homo2, Homo sapiens.
For aminoacyl transferases, the suffix “5am” indicates 5-amino leuvu-
linic acid synthase, “87” indicates 8-amino-7-oxononanoate synthase,
and “23” indicates 2-amino-3-ketobutyrate coenzyme, and the archaeal
and eubacterial taxa included are Thermophilus aquaticus (Therm),
Staphylococcus aureus (Staph), Escherichia coli (Ecoli), and Rhizobium
leguminosarum (Rhiz).

cysting stages of the giardial life cycle. The fact that spt expres-
sion is increased in trophozoites supports the notion that the
product of the SPT reaction (3-KS) might modulate endocytic
traffic, as shown in the yeast Saccharomyces cerevisiae (49).
However, despite the expression of the five SL metabolic
genes, Giardia exhibits limited lipid synthesis capacity de novo,
and it takes up ceramide and SL from its host for survival,
growth, and encystation (21). Therefore, it is conceivable that
the products of these genes, especially the gspt genes and
gglct-1, are required for cellular functions rather than for the
synthesis of new SL bases per se. Our results show that L-
cycloserine significantly affects the internalization and target-
ing of bodipy-ceramide into ER/perinuclear membranes. 3-KS,
however, reverses the effect of L-cycloserine on bodipy-cer-
amide uptake and nuclear localization, which suggests that the
synthesis and proper functioning of gSPT are important for
ceramide uptake and targeting. A higher concentration of L-
cycloserine is needed to inhibit gSPT, probably because of its
ancestral nature (Fig. 7). This rationale could be supported by
the fact that myriocin, a potent inhibitor of mammalian SPT
(19), failed to inhibit the adherence of the parasite even at a
concentration of 1 mM (not shown).

PPMP and PDMP are two well-recognized inhibitors of the
GIcT-1 enzyme that have been extensively used to evaluate
GlcCer functioning in other organisms (26). PDMP has been
reported to induce the production of a variety of regulators in
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eukaryotic cells. For Plasmodium falciparum, for instance,
PPMP has been described as a potent inhibitor of the in-
traerythrocytic maturation that leads to restriction of the de-
velopment of the malaria parasite (1). We found that both
PPMP and PDMP reduced the production of in vitro cysts by
a mechanism yet to be delineated. As shown by differential
interference contrast microscopy, PPMP interferes with the
production of mature tetranucleated cysts (Fig. 4B). The
Giardia cyst is a quadrinucleated (16N) structure that releases
two binucleated (4N) trophozoites by excystation (5). The in-
hibition of cyst production by PPMP and PDMP and the lo-
calization of GlcCer in the cell body of the cyst, which consists
of nuclei, chromosomes, and transcriptional machinery, sup-
port the idea that this glycosphingolipid is associated with
nuclear division (karyokinesis) and linked to the expression of
the cwp genes. This information is in full accordance with
previous reports for fungal cells, in which GlcCer was directly
linked with cell wall assembly (37) and cellular replication (38).
More recently, Sonda et al. (42) reported that PPMP blocks
the growth of Giardia trophozoites at a specific stage of late
cytokinesis and also reduces the production of cysts. The in-
crease in gglct-1 and cwp transcripts observed after treatment
with GIcT-1 inhibitors (Fig. 6) could be due to the fact that
functionally active GIcT-1 or the product of GIcT-1 may be
associated with regulating transcriptional levels of these genes
directly or indirectly, which means that inhibition of enzyme
activity may relieve transcriptional repression. Nonetheless,
more in-depth experiments should be carried out to obtain a
better understanding of this phenomenon.

From the phylogenetic analyses (Fig. 7), several conclu-
sions can be made about the origin and evolution of spt
genes. The first conclusion concerns the monophyletic origin
of all spt genes from a prokaryotic aminoacyl transferase
precursor (the most closely related gene appears to be the
S-aminolevulinic acid synthase gene), a result strongly sup-
ported by the bootstrap value (46) at the node defining the
spt subclade. In spite of the overall sequence similarity, the
differences in function imply that there was divergence of
the catalytic domains of bacterial aminoacyl transferases
and eukaryotic SPTs. The second conclusion that can be
made is that the early duplication event that gave rise to the
spt-1 and spt-2 paralogs is more ancient than any of the
modern protist lineages, as both paralogs are present in all
of the eukaryotes assayed (only a representative subset of
which were included in the phylogenetic analysis) except
Entamoeba, which only has gspt-2. Taken together, these
results imply that the divergent roles of SPT-1 and -2 in the
metabolism of so-called “lower” protists were carried over
into the SL metabolism of their more derived “higher” mul-
ticellular eukaryote relatives. Our analyses also shed light
on the possible ancestry of the SPT enzyme. Data suggest
that 5-aminolevulinic acid synthase falls out as the outgroup
of the SPT-1/SPT-2 subclade, with 2-amino-3-ketobutyrate
transferase as the next outgroup (note that the sequences
identified in the BLAST search as glycine-C acetyltrans-
ferase and pyridoxal phosphate-dependent acyltransferase
nest within the 2-amino-3-ketobutyrate synthase clade,
which implies that they are in the same class of enzymes).
8-Amino-7-oxononanoate synthase is more distantly related
to the SPT subclade than either 5-aminolevulinic acid syn-
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thase or 2-amino-3-ketobutyrate synthase. This result is not
simply an artifact of the root choice (as previously noted, in
unrooted trees, the 8-amino-7-oxononanoate synthase se-
quence is always an outgroup with respect to the other
sequences). It would be of interest to determine whether the
catalytic activity of the three prokaryotic aminoacyl trans-
ferases was coopted for its function in the SL pathway or if
a novel catalytic function (in an entirely different region)
evolved de novo.

Based on the interpretation of findings presented in this
study and the currently available data, we propose a compre-
hensive model (Fig. 8) that describes how SL metabolic genes
regulate ceramide uptake and in vitro encystation by Giardia.
In this model, a metabolically active trophozoite expresses the
gspt genes encoding the gSPT enzymes for catalyzing the syn-
thesis of 3-KS. 3-KS regulates ceramide uptake by interacting
with actin and other endocytic machinery, as proposed previ-
ously for yeast (49). The inhibition of ceramide endocytosis by
L-cycloserine and its reversal by 3-KS (Fig. 3A) support this
notion. When a trophozoite undergoes encystation in the small
intestine, the gglct-1 and gsmase genes are expressed as genes
that encode the corresponding enzymes. We believe that
stored ceramides (in the ER/perinuclear membranes [Fig. 3A])
are used as scaffolds for synthesizing GlcCer with the help of
the gGlIcT-1 enzyme located in the ER. The production
of cystlike structures and the reduction in the total number of
cysts by PPMP further support this idea (Fig. 4). To increase

the pool of ceramide to synthesize GlcCer, both cytoplasmic
and secreted gSmases degrade intestinal and cellular sphingo-
myelin to generate excess ceramide, as shown by the elevated
transcription of the gsmase B and 3b genes during encystation
(Fig. 2D and 2E).

In summary, we demonstrated that Giardia has the ability to
express selective SL genes that are involved in regulating cer-
amide endocytosis and encystation. Although the gene se-
quences for giardial enzymes are homologous to the gene
sequences in other eukaryotes (including mammals), the cata-
lytic domains could be sufficiently divergent that they could be
used as targets to develop novel therapies against giardiasis.
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